The aim of this study was to examine the role of lymphocytes in regulating expression of the 5-lipoxygenase pathway in monocytes. When monocytes were cultured over a period of days with lymphocytes, calcium ionophore-stimulated 5-lipoxygenase activity was enhanced. If lymphocytes alone were activated with lectins and their supernatants added to monocytes, stimulated 5-lipoxygenase activity was increased, whereas supernatants from lymphocytes cultured without lectins had no effect. Increased immunoreactive protein and mRNA for 5-lipoxygenase and 5-lipoxygenase activating protein were present in cells conditioned with lectin-activated lymphocyte supernatants. The effect of activated-lymphocyte supernatants could be mimicked by either GM-CSF or IL-3, but there was no additive effect with both cytokines. Both GM-CSF and IL-3 were present in the supernatant from lectin-activated lymphocytes at concentrations above their ED 50 , but were undetectable in the supernatant from nonactivated lymphocytes. The effect of lectin-activated lymphocyte supernatant could be inhibited by neutralizing antibodies to both cytokines, but not to either cytokine alone. We conclude that lymphocytes can regulate the expression of 5-lipoxygenase in monocytes, over a period of days, via the release of soluble factors, primarily GM-CSF and IL-3. ( J. Clin. Invest. 1996. 97:1293-1301.)
Introduction
Leukotrienes are oxygenated metabolites of arachidonic acid derived from the 5-lipoxygenase pathway and are potent inflammatory mediators implicated in a number of diseases (1) . After the release of arachidonic acid from membrane phospholipids, the enzyme 5-lipoxygenase is responsible for catalyzing the first two steps in this pathway. Initially, it converts arachidonic acid to 5( S )-hydroperoxy-6,8-trans -11,14-cis -eicosatetraenoic acid (5-HPETE) which is then either degraded to the metabolite 5( S )-hydroxy-6-8,11,14,-cis -eicosatetraenoic acid (5-HETE) 1 or is further acted upon by 5-lipoxygenase to form the unstable epoxide intermediate 5( S )-5,6-oxido-7,9-trans -11,14-cis -eicosatetraenoic acid (leukotriene A 4 ; LTA 4 ). Within the cell, the synthesis of 5-lipoxygenase products is dependent on the nuclear membrane-associated protein, 5-lipoxygenaseactivating protein (FLAP) (2) (3) (4) . Specific control of 5-lipoxygenase and FLAP expression has long been suspected because expression of 5-lipoxygenase activity is tissue specific and narrowly distributed to inflammatory cells (5) . Moreover, there is wide variation in 5-lipoxygenase activity and in 5-lipoxygenase and FLAP levels even among different inflammatory cell types. For example, lung macrophages have 10-fold greater 5-lipoxygenase activity than peripheral blood monocytes on a per cell basis (6) , and this increased activity is associated with greater quantities of 5-lipoxygenase and FLAP per cell (2, 7) . However, we have reported recently that peripheral blood monocytes lose 5-lipoxygenase activity when cultured over days in 10% autologous serum, in spite of morphological changes consistent with differentiation into macrophages (7a). This loss in activity is associated with decreases in protein and mRNA for both 5-lipoxygenase and FLAP (7a). These findings suggest that increased capacity for 5-lipoxygenase product synthesis is not an intrinsic component of the maturation process of monocytes to macrophages. Rather, they suggest that extrinsic factor(s) are present in vivo that are absent from our in vitro model.
Several studies have examined aspects of 5-lipoxygenase pathway regulation. A myeloid precursor cell line, HL-60, can be differentiated into granulocytic, monocytic, or macrophagelike cells by a number of agents, including DMSO, retinoic acid, dibutyryl cAMP, and 1,25-dihydroxyvitamin D 3 . This differentiation is associated with changes in the expression of both 5-lipoxygenase and FLAP (8) . These changes in HL-60 cells are, at least in part, caused by TGF-␤ in serum (9) . In the mononuclear cell line, U937, and in HL-60 cells, oxidized low density lipoprotein increases 5-lipoxygenase activity by increasing expression of FLAP (10) . 5-Lipoxygenase activity in rat lung macrophages can be transiently enhanced twofold by IFN-␥ in vitro, but this effect is lost by 24 h (11) .
Additional studies have been performed on primary isolates of human inflammatory cells. Human eosinophils cultured for 7 d in the presence of the mouse 3T3 fibroblast cell line and either GM-CSF or IL-3 showed a 2.5-3.0-fold increase in their capacity to produce leukotriene C 4 (LTC 4 ), although the mechanism of this increase has not been delineated (12, 1. Abbreviations used in this paper: FLAP, 5-lipoxygenase-activating protein; 5-HETE, 5( S )-hydroxy-6-trans -8,11,14-cis -eicosatetraenoic acid; LTA 4 , leukotriene A 4 , 5( S )5,6-oxido-7,9-trans -11,14-cis -eicosatetraenoic acid; LTB 4 , leukotriene B 4 , 5( S ),12( R )-dihydroxy-6,14-cis ,8,10-trans -eicosatetraenoic acid; LTC 4 , leukotriene C 4 , 5( S )-hydroxy-6( R )-S -glutathionyl-7,9-trans -11,14-cis -eicosatetraenoic acid. 13). In human neutrophils, eosinophils, and whole blood, priming with GM-CSF or TNF-␣ for 15-30 min increases the cells' capacity for synthesis of 5-lipoxygenase products (14) (15) (16) (17) (18) . When conditioned for 4 h with GM-CSF, human neutrophils have increased levels of 5-lipoxygenase protein, FLAP protein, and FLAP mRNA, but not 5-lipoxygenase mRNA (19, 20) . Recent work in human neutrophils reported that GM-CSF caused a short-term increase in 5-lipoxygenase activity which is not related to increased 5-lipoxygenase mRNA expression or 5-lipoxygenase protein synthesis (21) . In addition, these authors found a more sustained increase in 5-lipoxygenase activity by 18 h, which was associated with the transcriptional activation of the 5-lipoxygenase gene, an increase in 5-lipoxygenase mRNA levels, and new 5-lipoxygenase protein synthesis. Studies by other investigators found that when human monocytes were coincubated with a monoclonal lymphocytic cell line for 10 min, there was an 80% increase in 5-lipoxygenase activity as reflected by leukotriene B 4 (LTB 4 ) release (22) . Taken together, these studies have been limited either by the short time frame of the investigation or by reliance on cell lines. Studies examining the regulation of the 5-lipoxygenase pathway have been limited by the fact that human cells lose this activity during primary cell cultures. Moreover, these studies have not demonstrated levels of activity in these cells that are comparable with those in primary isolates of inflammatory cells.
We have recently developed an in vitro model using human monocyte-derived macrophages (7a), allowing the study of 5-lipoxygenase regulation during long-term culture. Because lymphocytes are potent modulators of immune and inflammatory responses, the goal of this study was to examine the possible role of lymphocytes in regulating expression of the 5-lipoxygenase pathway in monocytes. We examined the effects of lymphocytes on 5-lipoxygenase and FLAP protein and mRNA expression in monocytes and the mechanism of any effect.
Methods
Cell preparation. Peripheral blood was obtained from normal healthy subjects without known allergy, who had not taken any medications for 2 wk and had not taken aspirin products for 6 wk before blood donation. All subjects were volunteers and had given informed consent to a protocol approved by the Committee on Investigations Involving Human Subjects of the University of California, San Diego.
Monocytes were obtained from peripheral blood by previously described techniques (7a, 23). Briefly, blood was collected into acidcitrate-dextrose and red blood cells were allowed to sediment in the presence of dextran. The leukocytes were then collected and washed to remove platelets. Monocytes and lymphocytes were isolated by layering the leukocyte suspension over isotonic Percoll adjusted to a specific gravity of 1.077. Monocytes were further purified by adherence for 50 min to gelatin-coated plastic flasks, previously incubated with autologous serum, followed by removal of the nonadherent lymphocytes. The lymphocytes were collected and saved. The monocytes were then released by incubation for 15 min in 5 mM EDTA. Differential cell counts revealed that these preparations were Ͼ 95% monocytes and Ͼ 99% viable. In some studies, T lymphocytes were isolated from collected lymphocytes by T cell enrichment columns using negative selection ( Ͼ 96% CD3 ϩ cells; Human T-Cell Enrichment Column; R & D Systems, Minneapolis, MN). Cell preparation was performed at room temperature using sterile techniques in a laminar flow hood and endotoxin-free ( Ͻ 10 pg/ml) solutions. Monocytes and lymphocytes were cultured in RPMI 1640 medium with 10% autologous serum to which 100 U/ml of penicillin, 100 g/ml of streptomycin, and 100 g/ml of gentamicin were added.
Lectin activation of cells. For lectin stimulation studies of both monocytes and lymphocytes, cells were incubated for 4 d with 10 g/ ml of concanavalin-A and 10 g/ml of phytohemagglutinin.
Preparation of nonactivated and lectin-activated lymphocyte supernatants. Lymphocytes were incubated for 4 d without (nonactivated) or with (lectin-activated; L-Stim) lectins. The medium was then collected, spun at 250 g for 10 min to remove cells and cellular debris, and the supernatant stored at 4 Њ C. In some studies, T lymphocytes were used.
Cell disruption. Disrupted cells were prepared by previously described techniques (7a). Briefly, monocytes were gently released from tissue culture plastic with a rubber policeman, the resulting cell suspension was centrifuged, and the cell pellet was disrupted by sonication at 4 Њ C. Total protein was measured by the Bradford technique (24) .
Assay of 5-lipoxygenase activity in intact cells. 5-Lipoxygenase activity was measured in intact cells as previously described (7a). Briefly, activity was measured by collecting and spinning the culture media to collect any nonadherent cells. The resulting cell pellet was resuspended in warmed HBSS and reapplied to the adherent cells. The cells were then stimulated with 1 M A23187 at 37 Њ C for 15 min. The supernatant was collected and lipids were extracted from this supernatant using methanol and chloroform by previously described techniques (25) .
Assay of 5-lipoxygenase activity in disrupted cells. 5-Lipoxygenase activity was measured in disrupted cells as previously described (26) . Briefly, samples were incubated in a 37 Њ C shaking water bath with 2 mM CaCl 2 , 2 mM ATP, and 100 M arachidonic acid. After chilling and acidifying the samples, precipitated protein was removed by centrifugation. The supernatants were collected, evaporated to dryness, and residues dissolved in methanol for storage at Ϫ 70 Њ C until further analysis.
Identification and quantification of lipoxygenase metabolites. Identification and quantification of lipoxygenase products, including 5-HETE and LTB 4 , were performed on the supernatants from the intact cell and disrupted cell assays by reverse-phase HPLC using previously described techniques (26) .
Radiolabeling and assessment of arachidonic acid release. Arachidonic acid uptake, spontaneous release, and stimulated release were assayed using [ Assay of 5-lipoxygenase and FLAP protein and mRNA levels. Immunoblot and Northern blot analyses were performed on total protein and total RNA, respectively, using previously described techniques (7a). Immunoblots were probed with antibodies (generously provided by Dr. Jilly Evans, Merck-Frosst Centre for Therapeutic Research, Pointe Claire-Dorval, Quebec, Canada) that were raised against either recombinant human leukocyte 5-lipoxygenase (1:3,000 dilution) or amino acid residues 41-52 of the human FLAP sequence (1:5,000 dilution). Northern blots were probed with cDNA probes for 5-lipoxygenase (a generous gift of Dr. Richard A. F. Dixon, Merck Sharp and Dohme Research Laboratories, West Point, PA) and FLAP (a generous gift of Dr. Jilly Evans). Bands were quantitated by scanning laser densitometry (LKB Instruments, Inc., Gaithersburg, MD).
Quantification of GM-CSF and IL-3 concentrations. GM-CSF and IL-3 levels were measured using commercially available solid-phase ELISA kits according to the manufacturer's instructions (Quantikine Human GM-CSF or IL- Data analysis. Data are expressed as the mean Ϯ SEM in all circumstances where mean values are compared. Matched pairs were analyzed with a two-tailed paired t test. Other differences between means were analyzed with a two-tailed unpaired t test. Time course and dose-response studies were analyzed with a repeated measures ANOVA using a Fisher's post-hoc test. Differences were considered significant when P Ͻ 0.05 (27) .
Results

Effect of lymphocytes on monocyte 5-lipoxygenase activity during coculture.
Previous studies in our laboratory have shown that 5-lipoxygenase and FLAP expression decrease in culture over time (7a). For these studies, monocytes were cultured initially alone for 4 d. The monocytes were then cocultured an additional 2 d with autologous lymphocytes, either in the presence or absence of lectins, at concentrations of one million monocytes and eight million lymphocytes per milliliter. This ratio approximates that found in normal peripheral blood.
A23187-stimulated whole cell activity was then assessed. The addition of lymphocytes resulted in a significant increase in stimulated monocyte 5-lipoxygenase activity, as reflected by a threefold increase in 5-HETE ( P Ͻ 0.05) ( Fig. 1 ) and LTB 4 release (1.7 Ϯ 0.3 vs. 0.6 Ϯ 0.1 pmol/million cells, cocultured vs. control monocytes; n Ն 3; P Ͻ 0.05). Lectins had no effect on baseline monocyte 5-lipoxygenase activity or on the increase in activity observed with lymphocyte coculture ( P ϭ NS) (Fig. 1) . When lymphocytes were stimulated with A23187 in the absence of monocytes, no 5-lipoxygenase activity was detected. There was no detectable LTC 4 in any intact cell assays.
Effect of lymphocyte supernatants on monocyte 5-lipoxygenase activity. To determine if the increase in monocyte 5-lipoxygenase activity seen during coculture with lymphocytes was due to a soluble factor(s), monocytes were cultured alone for 4 d and then cultured an additional 2 d with 10% supernatant from lymphocytes, conditioned with or without lectins. A23187-stimulated whole cell activity was then assessed. The supernatant from nonactivated lymphocytes had no effect on monocyte 5-lipoxygenase activity, as reflected by the release of both 5-HETE ( P ϭ NS) (Fig. 2 ) and LTB 4 (0.5 Ϯ 0.2 vs. 0.4 Ϯ 0.1 pmol/million cells, conditioned vs. control; n Ն 3; P ϭ NS). However, the supernatant from lectin-activated lymphocytes caused a significant increase in monocyte 5-lipoxygenase activity, as reflected by a fourfold increase in 5-HETE ( P Ͻ 0.05) (Fig. 2) and a sixfold increase in LTB 4 release (2.3 Ϯ 0.9 vs. 0.4 Ϯ 0.1 pmol/million cells, conditioned vs. control; n Ն 5; P Ͻ 0.05). When the same experiments were carried out in cells cultured in the usual culture medium, but in which 10% autologous serum had neither been heat treated nor sterile filtered, the supernatant from lectin-activated lymphocytes still increased monocyte 5-lipoxygenase activity (2.9 Ϯ 0.2 vs. 0.2 Ϯ 0.1 pmol of 5-HETE per million cells, conditioned vs. control monocytes; n Ն 3; P Ͻ 0.05). Effect of activated T lymphocyte supernatants on monocyte 5-lipoxygenase activity. To determine the type of lymphocyte that was primarily responsible for this increased activity, monocytes were cultured alone for 4 d and then cultured an additional 2 d with 10% supernatant from lectin-activated T lymphocytes or with 10% Human T-Stim with PHA ® (purchased supernatant from lectin-activated T lymphocytes). Similar results were obtained (0.2Ϯ0.1 vs. 2.5Ϯ0.6 vs. 4.2Ϯ0.8 pmol of 5-HETE per million cells, control vs. lectin-activated T lymphocyte supernatant conditioned monocytes vs. Human T-Stim with PHA ® conditioned monocytes; n Ն 3; P Ͻ 0.05). There was no significant difference in product release between monocytes conditioned with lectin-activated lymphocyte supernatant, lectin-activated T lymphocyte supernatant, and Human T-Stim with PHA ® (P ϭ NS). Similar results were obtained for LTB 4 (data not shown).
Time course of effect of lectin-activated lymphocyte supernatant on monocyte 5-lipoxygenase activity. Monocytes were cultured alone for 4 d, and then cultured with 10% supernatant from lectin-activated lymphocytes for various lengths of time. A23187-stimulated whole cell activity was then assessed. Before conditioning, monocytes released 5.1Ϯ2.2 pmol of 5-HETE and 4.2Ϯ0.8 pmol of LTB 4 per million cells (n Ն 3). Paired analysis was performed on matched controls for each subject. There was an initial increase in the capacity for 5-HETE release at 15 min of conditioning with the supernatant from lectin-activated lymphocytes, but the capacity for 5-HETE release returned to baseline by 1 h (Fig. 3) . Capacity Effect of lymphocyte supernatant on monocyte 5-lipoxygenase activity in disrupted cells. To determine if an increase in 5-lipoxygenase enzymatic activity was responsible for the increased 5-lipoxygenase activity seen in whole, conditioned monocytes, assays of 5-lipoxygenase activity were performed in disrupted cells. Monocytes were cultured alone for 4 d and then cultured with or without 10% supernatant from lectinactivated lymphocytes for an additional 2 d. Disrupted cell fractions were then assayed for 5-lipoxygenase and LTA 4 hydrolase activities. 5-Lipoxygenase activity was increased in disrupted cell fractions from conditioned monocytes when compared with controls (240.9Ϯ36.1%, 5-HETE production as a percentage of control, P Ͻ 0.05). There was no difference in LTA 4 hydrolase activity (109.6Ϯ12.3%, LTB 4 production as a percentage of control, P ϭ NS).
Effect of lymphocyte supernatant on monocyte 5-lipoxygenase and FLAP protein levels. To determine if the ability of lectin-activated lymphocyte supernatant to increase 5-lipoxygenase activity resulted from an increase in immunoreactive 5-lipoxygenase and FLAP, monocytes were cultured alone for 4 d and then cultured with or without 10% supernatant from lectin-activated lymphocytes for an additional 2 d. Immunoblotting of these cells revealed a 2.4-fold increase in 5-lipoxygenase and a 3.2-fold increase in FLAP immunoreactive protein when disrupted cell fractions from conditioned cells were compared with those from control cells (Fig. 4) .
Effect of lymphocyte supernatant on monocyte 5-lipoxygenase and FLAP mRNA levels. To determine the effect of lectinactivated lymphocyte supernatant on mRNA encoding for 5-lipoxygenase and FLAP, monocytes were cultured alone for 4 d and then cultured with or without 10% supernatant from lectin-activated lymphocytes for an additional 2 d. Northern blot analysis of total RNA showed a 3.4-fold increase in 5-lipoxygenase mRNA and a 1.9-fold increase in FLAP mRNA for lectin-activated versus control monocytes (Fig. 5) .
Effect of cytokines on monocyte 5-lipoxygenase activity. To study the effects of cytokines, an abbreviated protocol was developed. Monocytes were cultured alone for 1 d and then conditioned for an additional day with 10% supernatant from lectin-activated lymphocytes, or with various cytokines known to be released by activated lymphocytes. A23187-stimulated whole cell activity was then assessed. Conditioning with 10% lectin-activated lymphocyte supernatant caused a fourfold increase in 5-HETE and LTB 4 release compared with control (P Ͻ 0.05) (Table I) . Similarly, conditioning with 10 ng/ml of GM-CSF or 10 ng/ml of IL-3 also caused an approximately fourfold increase in 5-HETE and LTB 4 release (P Ͻ 0.05). The combination of 10 ng/ml of GM-CSF and 10 ng/ml of IL-3 resulted in no additional 5-HETE or LTB 4 release, compared with either GM-CSF or IL-3 alone (P ϭ NS). There was no significant change in 5-HETE or LTB 4 release compared with control when monocytes were conditioned with IFN-␥ at 40 ng/ml, with IL-1␤ at 1 ng/ml, or with either IL-2, IL-4, IL-6, IL-10, leukocyte chemotactic factor, TGF-␤, or TNF-␣, each at 10 ng/ml (P ϭ NS in all cases).
Time course of the effect of GM-CSF and IL-3 on monocyte 5-lipoxygenase activity. Monocytes were cultured alone for 1 d and then conditioned with either GM-CSF or IL-3 for various lengths of time. A23187-stimulated whole cell activity was then assessed. Before conditioning, monocytes released 5.3Ϯ0.3 pmol of 5-HETE per million cells (n ϭ 3). Paired analysis was performed on matched controls for each subject. Time course studies showed similar results for both GM-CSF and for IL-3. There was an initial increase in the capacity for 5-HETE release at 15 min of conditioning, but this release returned to baseline by 1 h (Fig. 3) . The capacity for 5-HETE release again increased at 8 h, increased sixfold by 1 d and persisted up to 4 d of conditioning. Compared with 5-HETE release at 1 h, the increases at 2 and 4 d were significant (P Ͻ 0.05). Similar results were obtained for LTB 4 release (data not shown).
Dose-response of the effect of GM-CSF and IL-3 on monocyte 5-lipoxygenase activity.
Monocytes were cultured alone for 1 d and then conditioned with either GM-CSF or IL-3 for an additional day at various concentrations. A23187-stimulated whole cell activity was then assessed. Dose-response studies Monocytes and lectin-activated lymphocyte supernatants were prepared as in Fig. 2 . Monocytes were then conditioned for an additional day with lectin-activated lymphocyte supernatants (L-Stim) or a variety of cytokines, including the combination of GM-CSF and IL-3 (GM-CSF/IL-3). After conditioning, stimulated 5-lipoxygenase activity was assessed as in Fig. 1 . Data are expressed as mean picomoles of product released per 10 6 cellsϮSEM of at least three experiments, for 5-HETE release and LTB 4 release. *Results which are significantly increased compared with control (P Ͻ 0.05). Figure 6 . Dose-response of GM-CSF and IL-3 on 5-lipoxygenase activity in monocytes. Monocytes were prepared as in Fig. 1 and cultured for 1 d. These cells were then conditioned with up to 100 ng/ml of GM-CSF or IL-3 for 1 d. After conditioning, stimulated 5-lipoxygenase activity was assessed as in Fig. 1 . Data are expressed as picomoles of 5-HETE per 10 6 cells; data represent the meanϮSEM of at least three experiments. For GM-CSF dose-response, there was a significant increase in 5-HETE release at 100 pg/ml compared with control, which then largely remained stable at higher dosages; the ED 50 was calculated as 51 pg/ml. For IL-3 dose-response, there was a significant increase in 5-HETE release at 10 pg/ml, which continued to show some increase through 100 ng/ml; the ED 50 was calculated as 18 pg/ml. *P Ͻ 0.05.
for GM-CSF revealed no significant differences in stimulated 5-HETE release between control, 1 pg/ml, and 10 pg/ml of GM-CSF (Fig. 6 ). At 100 pg/ml, there was a fourfold increase in 5-HETE release (P Ͻ 0.05). This increase persisted without significant change up to 100 ng/ml of GM-CSF. Similar results were obtained for LTB 4 release (data not shown). The calculated ED 50 for GM-CSF was 51 pg/ml. Dose-response studies for IL-3 revealed no significant difference in 5-HETE release between control and 1.0 pg/ml (Fig. 6 ). At 10 pg/ml, there was a 3.1-fold increase in 5-HETE release which further increased 4-fold at 100 ng/ml of IL-3. Compared with control, a significant increase in 5-HETE release was first found at 10 pg/ml (P Ͻ 0.05). Similar results were obtained for LTB 4 release (data not shown). The calculated ED 50 for IL-3 was 18 pg/ml.
GM-CSF and IL-3 levels in supernatants from nonactivated and lectin-activated lymphocytes. To determine if either GM-CSF or IL-3 was present in sufficient concentrations in lymphocyte supernatants to induce an increase in monocyte 5-lipoxygenase activity, concentrations of these cytokines were measured. GM-CSF and IL-3 were not detectable in supernatants from lymphocytes not activated with lectins (nonactivated lymphocyte supernatant) (sensitivity of the assay 1.5 and 7.4 pg/ml, respectively) (Fig. 7, a and b) . Cytokine levels in supernatants from lectin-activated lymphocytes were 1,163Ϯ157.9 pg/ml for GM-CSF and 271.2Ϯ68.2 pg/ml for IL-3. In all supernatants from lectin-activated lymphocytes, both cytokines were present at levels above the threshold levels of the cytokines needed to increase 5-HETE release in monocytes (510 pg/ml of GM-CSF and 180 pg/ml of IL-3), after accounting for the 10-fold dilution that occurs when adding 10% lectin-activated lymphocyte supernatant to monocyte culture.
Antibodies to GM-CSF and IL-3 block the effect of lectinactivated lymphocyte supernatant on monocyte 5-lipoxygenase activity. Monocytes were cultured alone for 4 d and then cultured for an additional 2 d with or without 10% supernatant from lectin-activated lymphocytes. Lectin-activated lymphocyte supernatants were preincubated alone or with 50 g/ml of antibodies to GM-CSF and/or IL-3 (anti-human GM-CSF or IL-3 neutralizing antibody; R & D Systems, Inc.) for 30 min before adding the supernatants to the monocytes. A23187-stimulated whole cell activity was then assessed. 5-HETE release was significantly increased compared with control in monocytes conditioned with lectin-activated lymphocyte supernatant alone, as in experiments reported above (P Ͻ 0.05) (Fig. 8) . Likewise, 5-HETE release was significantly increased compared with control in monocytes conditioned with lectinactivated lymphocyte supernatant treated with antibodies to either GM-CSF or IL-3 (P Ͻ 0.05) (Fig. 8) . However, when monocytes were cultured with lectin-activated lymphocyte supernatant treated with antibodies to both GM-CSF and IL-3, this effect of lectin-activated lymphocyte supernatant was significantly inhibited and therefore 5-HETE release was not significantly different compared with control (P ϭ NS) (Fig. 8) . Similar results were obtained for LTB 4 release (data not shown).
Discussion
Our studies demonstrate that lymphocytes, cocultured with monocytes over a period of several days, induce a large increase in the capacity of monocytes to synthesize 5-lipoxygenase products. Increases in monocyte 5-lipoxygenase activity are also observed when the monocytes are conditioned with supernatant from lectin-activated lymphocytes, but are not found when monocytes are conditioned with supernatant from nonactivated lymphocytes. This increase in activity appears to be primarily due to the influence of activated T lymphocytes. After an initial, transient increase in monocyte 5-lipoxygenase activity, there is a gradual increase over 2 d. We also find that lymphocytes in coculture with monocytes do not require lectin activation to cause this effect. The activated lymphocytes thus release a soluble factor(s) into their supernatant that increases the capacity of monocytes to synthesize 5-lipoxygenase products. This increase in activity is not associated with increased availability of arachidonic acid. Rather, this change in activity is associated with increases in both protein and mRNA for 5-lipoxygenase and FLAP. Because of limits in the quantity of primary monocytes, we have been unable to determine if changes in mRNA represent regulation at the transcriptional or posttranscriptional level.
We further report that either GM-CSF or IL-3 causes similar increases in the capacity of monocytes to synthesize 5-lipoxygenase products and does so over a similar time course, when compared with lectin-activated lymphocyte supernatant. GM-CSF and IL-3 are both present in the supernatants from lectin-activated lymphocytes in sufficient quantities to account for the supernatant effects on 5-lipoxygenase activ- Figure 7 . Concentrations of GM-CSF and IL-3 in nonactivated and lectin-activated lymphocyte supernatants. Lymphocyte supernatants were prepared as in Fig. 2 . Levels of GM-CSF and IL-3 were measured in supernatants from nonactivated and activated lymphocytes by solid-phase ELISA (n Ն 8). Results are expressed as picograms per milliliter for GM-CSF (a) and IL-3 (b). The ED 50 , correcting for 10% dilution in culture media, is denoted by horizontal dashed lines. All lectin-activated lymphocyte supernatants studied had concentrations of both GM-CSF and IL-3 above the threshold levels for increasing 5-lipoxygenase activity in monocytes.
ity, but are not found in the supernatant from nonactivated lymphocytes. Antibodies to both GM-CSF and IL-3 block the effect of activated lymphocyte supernatant on monocyte 5-lipoxygenase activity. Thus, the increase in the capacity of monocytes to release 5-lipoxygenase products induced by activated lymphocytes is predominantly due to the release of the cytokines GM-CSF and IL-3 from lymphocytes.
The 5-lipoxygenase (28) and FLAP (29) genes have been cloned and several kilobases of their 5Ј untranslated regions have been sequenced. Nucleic acid sequence analysis suggests that the 5-lipoxygenase promoter region is most consistent with that of a housekeeping gene and, therefore, 5-lipoxygenase might be constitutively expressed in human cells (30) . The FLAP promoter sequence suggests that FLAP expression is regulated and that this protein is not constitutively expressed (29) . Studies in conditioned HL-60 cells and in GM-CSF-conditioned human neutrophils have not demonstrated regulation of 5-lipoxygenase mRNA expression (9, 19) . Many previous studies have addressed the regulation of 5-lipoxygenase activity and, depending on the cell type and the duration of study, have reported changes at the level of arachidonic acid release (17, (31) (32) (33) , 5-lipoxygenase (9, 19, 21, 34) , or FLAP (10, 20) . In our model of primary cell isolates conditioned with lectin-activated lymphocyte supernatant, we have found regulation of 5-lipoxygenase activity at the level of protein and mRNA expression of both 5-lipoxygenase and FLAP, but found no increase in arachidonic acid release. This is in keeping with previous studies showing increased expression of both proteins in alveolar macrophages, as compared with peripheral blood monocytes (2, 7). Our findings are also consistent with the available data on the distribution of 5-lipoxygenase, suggesting that its tissue expression in humans is highly specific and regulated. Our data are consistent with the work of others examining differentiation of HL-60 cells, showing regulation of both 5-lipoxygenase and FLAP (8) . Finally, our results are consistent with recent work using run-on analysis in human neutrophils conditioned with GM-CSF, which has provided direct evidence that transcriptional activity of the 5-lipoxygenase gene can be enhanced (21) . However, further work will be required to reconcile the various studies showing regulated expression of 5-lipoxygenase with the available DNA sequence data on the 5-lipoxygenase promoter, which suggest that this protein should be constitutively expressed.
We have screened various cytokines known to be released by activated lymphocytes. Compared with the effect of activated-lymphocyte supernatant, we found that either GM-CSF or IL-3 causes similar increases in the capacity of monocytes to release the 5-lipoxygenase products, 5-HETE and LTB 4 . There was no effect on the capacity of monocytes for 5-lipoxygenation by a wide range of other cytokines, including the cytokines INF-␥, TGF-␤, and TNF-␣, which in other systems influence the 5-lipoxygenase pathway (9, 11, 15, 18) . GM-CSF (12, (14) (15) (16) (17) (18) (19) (20) (21) and IL-3 (13) have been reported previously in other systems to have regulatory effects on the 5-lipoxygenase pathway. We found no additive effect of GM-CSF and IL-3 together. These results are consistent with current knowledge about monocytes and about receptors for the cytokines GM-CSF and IL-3. When monocytes are cultured over days with either GM-CSF or IL-3, there are increases in cell survival, binding to plastic, and cytotoxic activities (35) (36) (37) . When monocytes are cultured for 2 wk, either GM-CSF or IL-3 facilitates the long-term maturation of monocytes into macrophages, augments their capacity to bind endotoxin, and elevates the release of cytokines involved in inflammatory and granulomatous reactions (38) . GM-CSF, IL-3, and IL-5 share a common ␤ subunit in their cell surface receptor while having unique ␣ subunits. Since both the ␣ and ␤ subunits are required for ligand binding, there can be competition between the cytokines for the ␤ subunit, and when all the ␤ subunits have been occupied, there is little or no additive effect of an additional cytokine (39). We did not evaluate IL-5 because there is not an ␣ subunit for IL-5 present on human monocytes and, therefore, IL-5 has been shown to have no effect on these cells (40) .
Previous work in the myeloid precursor cell line HL-60 had suggested that heat treatment of serum, by activating latent TGF-␤, plays an important role in the regulation of 5-lipoxygenase activity during culture (9) . We were unable to address this directly in our system, as our cells required serum for longterm culture. However, we were able to address this issue indirectly. In our cell system, heat treatment of serum, known to activate TGF-␤ (41), had no effect on the increased 5-lipoxygenase activity observed in conditioned monocytes. The lack of influence of heat-treated serum seen in our study may reflect the presence of active TGF-␤ in the activated lymphocyte supernatant or may be due to differences between monocytederived macrophages and DMSO-differentiated HL-60 cells.
Lymphocytes cocultured with monocytes or lymphocytes activated by lectins induce increases in the capacity of monocytes to synthesize 5-lipoxygenase products. However, lymphocytes cultured alone and not activated lack this ability. This would suggest that during coculture monocytes activate lym- phocytes to release GM-CSF and IL-3. This is in keeping with extensive previous work showing that monocytes play an important role in the complex regulation of lymphocyte activation (42) . Although studies have begun to elucidate the regulation of GM-CSF expression in lymphocytes, the results to date are not sufficient to fully explain our observations with monocyte-lymphocyte coculture (43) . Further delineation of this interaction was outside the scope of the present investigation.
In summary, we report a new monocyte-lymphocyte interaction in the regulation of the inflammatory process. Exposure of human monocytes to either lymphocytes or to the supernatant from lectin-activated lymphocytes causes an increase in the capacity of monocytes to release 5-lipoxygenase products. This effect is due, at least in part, to increased expression of 5-lipoxygenase and FLAP, via the release of GM-CSF and IL-3. Thus, the expression of 5-lipoxygenase and FLAP in human monocytes can be controlled by specific cytokines. GM-CSF is increased in the serum of psoriatic patients and increased locally in a wide range of inflammatory diseases associated with leukotrienes, including asthma, psoriasis, allergen-challenged cutaneous late-phase reactions, and idiopathic pulmonary fibrosis (44) (45) (46) (47) (48) (49) . Therefore, our results may reflect a clinically important means whereby the 5-lipoxygenase pathway is regulated in human disease.
